Introduction {#sec1}
============

Self-assembly and regulated assembly of proteins into nanostructures are ubiquitous in biology and disease and among the most intriguing features of biological systems.^[@ref1]^ Proteins may assemble to form various nanostructures like nanotubes, vesicles, helical ribbons, filaments, and fibrous scaffolds. Some well-known examples of such assembly include cytoskeletal filaments such as actin and tubulin,^[@ref2]^ amyloid fibril formation,^[@ref3],[@ref4]^ chromatin assembly,^[@ref5]^ and phospholipid^[@ref6]^ membrane self-assembly. Intriguingly, some of the protein regulators of cytoskeletal filaments can also form higher-order assembly structures. The morphology and function of these structures are yet to be elucidated. Some examples of such self-assembly are actin binding proteins tropomyosin and drebrin that can form oligomeric structures *in vivo*. Oligomers of tropomyosin have been shown to be isoform specific, and their level is drastically altered in malignant tumor cells.^[@ref7]^ Drebrin was also shown to form higher-order oligomers named drebrosomes.^[@ref8],[@ref9]^ It was hypothesized that such structures allowed for maintaining a high local concentration of these regulatory proteins in the needed regions in cells.

Focusing on the actin-based elements of cytoskeleton, we found the *in vitro* studies of self-assembly of purified actin alone, and in complex with actin binding proteins, offer a simple route to understanding how these proteins interact and function under controlled conditions. To this end, complementary experimental methods such as electron microscopy, cryo-electron microscopy (cryo-EM), and fluorescence microscopy have been extensively used to study the assembly and disassembly processes with actin binding proteins and the structures of the assembled complexes. Total internal reflection fluorescence (TIRF) microscopy has emerged as an important method for visualizing single molecules and single filaments.^[@ref10]^ TIRF has been used to study the actin polymerization time course,^[@ref10]^ kinetics of filament barbed end capping,^[@ref11]^ and processive growth mediated by formins,^[@ref12],[@ref13]^ yet TIRF can provide only limited structural information, within the resolution of the TRIF field (\<200 nm). In the cryo-EM area, there have been recent advances in near atomic resolution analysis of protein structures by single-particle electron microscopy, using direct electron sensing cameras.^[@ref14]^ However, large data sets of molecules captured in random orientations are needed for their frequently complex structural analysis. In the case of actin filaments, the averaging of data does not shed light on the heterogeneity of individual filaments or their segments or on the local changes in their twist.^[@ref15]^

Though still a relatively new application to the study of actin binding proteins and F-actin, atomic force microscopy (AFM)^[@ref16]^ is a powerful technique for nanoscale characterization of biological structures.^[@ref17]−[@ref23]^ It offers unique capability for direct three-dimensional (3D) imaging of single actin filaments without electron dense staining, fixation, or extreme temperatures, and with an imaging resolution comparable to that of negatively stained electron microscopy samples. Several proteins and protein conformational changes have been investigated at submolecular resolution using AFM. AFM imaging does not suffer from diffraction limits and allows exceptionally high signal-to-noise subnanometer lateral resolution and up to 1 Å vertical resolution.^[@ref20],[@ref24]−[@ref26]^ Among biomolecules, membrane proteins in their native state have been imaged most extensively.^[@ref20],[@ref26]^ Besides isolated viruses and phages,^[@ref27],[@ref28]^ specific substructures like viral capsomeres, bacteriophage connectors, and tails^[@ref29],[@ref30]^ have been imaged at a resolution comparable to that of EM. AFM has been used successfully also to image high-resolution structures of F-actin^[@ref31]^ and the structure of complexes of F-actin with its binding proteins, such as drebrin and cofilin.^[@ref32]^ This method can reveal the structural heterogeneity of filament populations as well as analyze local changes in segments of individual filaments.

In this work, we apply AFM imaging to study *in vitro* the self-assembly of formin and its complexes with F-actin. Formins are actin assembly proteins that play essential roles in fundamental cellular processes such as polarity, adhesion, and cytokinesis.^[@ref33]−[@ref35]^ The actin regulatory activity of formins is mediated through the conserved formin homology 2 (FH2) domain.^[@ref36]−[@ref38]^ Formins exert multiple effects on actin polymerization *in vitro* (nucleation, elongation, and anticapping) mediated through the activity of the FH2 domain.^[@ref37]^ The vertebrate specific inverted formin 2 (INF2) domain has the additional ability to sever filaments,^[@ref39],[@ref40]^ which involves both the FH2 domain and an actin monomer binding motif at its C-terminus.

Structurally, the ∼400-amino acid FH2 domain is a donut-shaped head-to-tail dimeric structure consisting of two rigid hemispherical halves connected by a flexible linker.^[@ref36],[@ref41]−[@ref43]^ The FH2 dimer is very stable in some formins but has the ability to dissociate in others.^[@ref44],[@ref45]^ Formin FH2 domains remain bound to actin filament barbed ends during filament elongation, moving processively as new actin monomers add through a "stair-stepping" mechanism, although the exact sequence of steps remains uncertain.^[@ref36],[@ref38],[@ref42],[@ref46]^ It is predicted that the donut-shaped FH2 dimer (∼11 nm diameter) partially encircles the 7 nm diameter barbed end, without the individual domains needing to dissociate and reassociate. In addition to barbed end binding, INF2 has the ability to bind filament sides. Side binding is accomplished by FH2 domain encirclement of the filament, wherein the FH2 domain adopts binding interactions similar to those used at the barbed end. To accomplish this feat, the FH2 domain presumably must dissociate from its dimeric state, because the alternative mechanism of sliding along several micrometers of filament is unlikely. However, the ability of any FH2 dimer to dissociate and recombine has not been observed directly.

As an approach to improving our understanding of the FH2 homodimer actin regulatory function and to overcome the existing limitations of structure determination, we obtained the structure of INF2-FH1-FH2-C (INF2-FFC) (Figure [1](#fig1){ref-type="fig"}) alone and in complex with single actin filaments. We present the first nanoscale structure and self-organization of INF2 alone and the side binding structure of INF2 in complex with actin filaments at the single-filament level using tapping mode AFM imaging.

![Schematic representation of the domain organization of inverted formin 2 (INF2) showing regions important for actin binding and protein--protein interactions. Formin constructs used in this study include INF2-FH1-FH2-C, also termed INF2-FFC, and INF2-FH1-FH2 (INF2-FF). N and C denote the N- and C-termini, respectively, of protein sequences. Other abbreviations are DID (diaphanous inhibitory domain), FH1 (formin homology 1), FH2 (formin homology 2), and DAD (diaphanous autoregulatory domain).](la-2014-01748x_0002){#fig1}

Experimental Section {#sec2}
====================

Protein Preparation {#sec2.1}
-------------------

Skeletal actin was purified using the method of Spudich and Watt.^[@ref47]^ Human INF2-FFC (amino acids 469--1249) and INF2-FF (amino acids 469--941) constructs were expressed and purified as previously described.^[@ref39]^ Rabbit skeletal Ca-ATP-G-actin was converted to Mg-ATP-G-actin by being incubated with 0.4 mM EGTA and 50 μM MgCl~2~ for 3 min at room temperature, and then polymerized by addition of 10× KMEH buffer \[final concentrations of 50 mM KCl, 1 mM MgCl~2~, 0.4 mM EGTA, and 10 mM Hepes (pH 7)\]. The final F-actin preparation contained also 0.2 mM ATP and 1 mM DTT and was supplemented with phalloidin (1:1 molar ratio) and 10--25 mM phosphate. INF2 constructs were dialyzed overnight into 1× KMEH buffer and then prespun at 4 °C in a TLA100 rotor, for 20 min at 80000 rpm, to remove any aggregates. The protein concentration was measured by the Bradford assay.

AFM Imaging of Formin and Actin--Formin Complexes {#sec2.2}
-------------------------------------------------

Different concentrations of formin solutions (5.0 μL) in buffer were added to freshly cleaved mica, incubated for 1 min, gently rinsed with dilution buffer three times (to remove unbound actins and proteins), and allowed to air-dry. In the case of formin--actin complexes, formin was allowed to bind F-actin in solution; 5.0 μL of the solution was added to freshly cleaved mica substrates, incubated for 1 min, gently rinsed with dilution buffer three times (to remove unbound actin and protein), and allowed to air-dry. Dimension 5000 AFM (Bruker Scientific) under tapping mode was used to image formin and actin--formin complexes with OTESP probes (Bruker Scientific). Topographic height images were recorded at 1024 pixels × 1024 pixels at 1 Hz. SPIP was used for image processing, which includes zero-order flattening and band-pass filtering. While sample air-drying and AFM tip may result in flattening of the structures, the dimeric formin rings are consistent with overall structures of the INF2 molecules measured by other independent techniques and reported previously.^[@ref36],[@ref41]−[@ref43]^ Similar ringlike structures were observed around polymerized actin filaments, as well (Figure [4](#fig4){ref-type="fig"}), which provides further evidence of the lack of significant structural perturbation. Additionally, we confirmed previously^[@ref32]^ (also see Figure S1 of the [Supporting Information](#notes-1){ref-type="notes"}) that the helical pitch of bare F-actin as well as cofilin-decorated filaments measured by AFM (under our conditions) was in excellent agreement with the EM-based measurements, validating our assumption that F-actin filaments under ambient AFM imaging conditions are not perturbed significantly.

Results and Discussion {#sec3}
======================

Structure of Free INF2-FFC Homodimers and Oligomers {#sec3.1}
---------------------------------------------------

FH2 domain dimerization has been proposed to be essential for the actin polymerization activity of formins,^[@ref41],[@ref44],[@ref48],[@ref49]^ yet there are several gaps in our current understanding of the assembly and actin regulation via FH2 dimerization. Crystal structures of the yeast Bni1 FH2 domain^[@ref36]^ and mammalian formin FH2 domains^[@ref42],[@ref43],[@ref50]^ indicate that the two monomers are connected by flexible tethers to form a dimeric "ring". Some of these FH2 dimers, such as in FMNL1 and mDia2, appear to be able to dissociate and reassociate.^[@ref45]^ In addition, the apparently stable Bni1p FH2 can also assemble into oligomers^[@ref36]^ around nonhelical actin structures. Other formins appear to be strictly dimeric. For example, despite containing two different dimerization domains (the N-terminal DD and the C-terminal FH2), mDia1-FL does not form higher-order oligomers but remains as dimers in the extended and activated state and closed and autoinhibited state.^[@ref51]^

INF2's FH2 domain has been shown to bind actin filament sides through a mechanism by which its dimer dissociates.^[@ref40]^ There are two possible modes by which the INF2 FH2 domain might bind actin filaments in this manner. The individual FH2 dimers may re-form dimeric rings around F-actin but not associate with each other (Figures [2](#fig2){ref-type="fig"} and [6](#fig6){ref-type="fig"}). Alternatively, FH2 domains may rebind the filament in a circular pattern, with oligomerization (Figure [6](#fig6){ref-type="fig"}) occurring through the FH2 dimerization sites, similar to the crystal structure of Bni1p FH2 bound to actin.^[@ref36]^ To differentiate between these two topologically distinct binding modes, i.e., dimeric rings or circular spirals over F-actin (Figure [6](#fig6){ref-type="fig"}), we explored the structural characteristics of INF2-FFC alone to determine if it could assemble into high-order oligomers. We obtained AFM 3D images of free INF2-FFC constructs over freshly cleaved mica substrates at varying protein concentrations. At low concentrations (0.02 μM), isolated donut-shaped dimers were observed, in either hollow "open" or "closed" conformations (Figure [2](#fig2){ref-type="fig"}). The two conformations, either hollow open (Figure [2](#fig2){ref-type="fig"}a,c,d) or closed (Figure [2](#fig2){ref-type="fig"}b), are consistent with cryo-EM structures of full-length formin mDia1 showing two distinct open and closed structures.^[@ref51]^ Compared to a value of ∼10 nm for the crystal structure of the Bni1p FH2 domain,^[@ref41]^ our AFM images showed diameters of 22 ± 0.1 nm (closed ring) and 27 ± 0.4 nm (open ring). The apparent increase in the width of the formin molecules in AFM images is likely the result of an AFM tip broadening effect (see [Supporting Information](#notes-1){ref-type="notes"}) as well as the interactions of the protein with mica surfaces.

![Structural evidence of self-assembly of INF2-FFC at various concentrations. At low concentrations (0.02 μM), INF2-FFC forms ring-shaped homodimers. Representative AFM images of free INF2-FFC showing self-assembled round structures likely formed by dimerization of FH2 domains of INF2-FFC. Schematic representations are shown in the insets. (a) Single INF2-FFC dimer. (b) Compact and closed round dimers were observed also without a hollow core. (c) The central core region attached to the dimeric ring periphery via two small extensions (diamond arrows), which corresponds potentially to the unstructured FH1 domain. (d) An example of the INF2-FFC dimer in the open configuration. The FH2 domain within the INF2-FFC dimer can potentially dissociate (open) and reassociate (close) to form trimers as well as oligomers \[at a higher surface concentration (0.2 μM)\]. (e) AFM image of INF2-FFC in oligomeric configurations (0.2 μM INF2-FFC). Representative images of the INF2-FFC dimer, trimer, and tetramer (f--h, respectively) and their corresponding schematic representations (i--iii, respectively). At higher concentrations (2 μM), INF2-FFC assembles into tubular ringlike structures, as marked with a white arrow in part i. Other close-up views are shown in parts i--iv of panel j.](la-2014-01748x_0003){#fig2}

At higher protein concentrations (0.2 μM), oligomers that were similar in height to dimers (0.3 nm) but larger in diameter were observed. Representative images in Figure [2](#fig2){ref-type="fig"}e--h display free INF2-FFC forming trimers, tetramers, and larger oligomers. The mean diameters of these oligomers were measured as 45 ± 2 nm (trimers) and 54.6 ± 0.8 nm (tetramers) (Table [1](#tbl1){ref-type="other"}). Similar cross sectional height profiles (0.2 nm) of dimers as well as tetramers preclude possible aggregation. The self-organizing ability of the free INF2-FFC construct is further exemplified in the case of higher (10-fold) protein concentrations adsorbed over mica substrates. At 2 μM, large aggregates of INF2-FFC were observed. Most notably, stacked tubelike structures likely formed by stacking of dissociated, and then reassembled INF2-FFC rings were observed even in the absence of F-actin (Figure [2](#fig2){ref-type="fig"}i,j). Previous studies proposed that INF2's FH2 domain was capable of dissociation.^[@ref46]^ Our AFM images provide structural evidence and confirm the ability of INF2-FFC to reorganize and assemble into oligomeric forms at higher protein densities.

###### AFM Measurements of Free INF2-FFC and INF2-FF Self-Assembly

                              INF2-FFC            INF2-FF                                                        
  --------------------------- ------------------- ------------ ----------------------------- ------------------- ------------------
  concentration (μM)          0.02                0.2          2                             0.02                0.2
  organization                dimers              oligomers    oligomers or stacked dimers   dimers              oligomers
  width (nm)                  22 ± 0.1 (closed)   45 ± 2       --                            22 ± 0.1 (closed)   44 ± 1 to 56 ± 2
                              27 ± 0.4 (open)     54.6 ± 0.8                                 26 ± 1.6 (open)      
  cross-section height (nm)   0.2                 0.3          ≥0.3                          0.2                 0.3

Structure of Free INF2-FF Homodimers and Oligomers {#sec3.2}
--------------------------------------------------

The effects of the C-termini of many formins on actin have been investigated previously.^[@ref52]−[@ref54]^ A region immediately C-terminal to the FH2 domain of INF2 is known to strongly affect its activity on actin.^[@ref39],[@ref40],[@ref54]^ To test the role of the C-terminal region in INF2 self-assembly and oligomerization, we deleted it and probed the structure of free INF2-FF at concentrations of 0.02 and 0.2 μM. Deletion of the C-terminal region did not inhibit the self-assembly of FH2 into dimers (at 0.02 μM) or oligomers (at 0.2 μM). Figure [3](#fig3){ref-type="fig"} shows representative images of free INF2-FF self-organization configurations. The central core region observed as a dense mass (dashed white arrows) within the oligomeric ring periphery in Figure [3](#fig3){ref-type="fig"}a--c appears to be similar to that observed for INF2-FFC dimers and oligomers, suggesting that it comes from the unstructured FH1 domain. The corresponding sizes for dimers and oligomers measured from AFM images were 22 ± 0.1 and 45 ± 2 nm for INF2-FFC and 22 ± 0.1 and 44 ± 1 nm for INF2-FF, respectively (Table [1](#tbl1){ref-type="other"}). Furthermore, the central dense region within the donut-shaped structure seen in hollow dimer configurations (Figure [2](#fig2){ref-type="fig"}c) presumably represents the flexible FH1 sequences lacking tertiary structure.^[@ref46]^ The fact that this central core is present in INF2-FF images (Figure [3](#fig3){ref-type="fig"}) suggests that it is not the C-terminus.

![AFM images showing free INF2-FF self-organization configurations. The central core region observed as a dense mass (dashed white arrows) within the oligomeric ring periphery in panel a--c. The central dense core appears to be similar to that observed for INF2-FFC dimers and oligomers, suggesting that it comes from the unstructured FH1 domain.](la-2014-01748x_0004){#fig3}

![Structure of INF2-FFC and F-actin complexes. AFM image of INF2-FFC and F-actin complexes (at a 1:1 molar ratio) revealing ringlike binding around actin filaments. (a) Close-up of the INF2-FFC--F-actin complex displaying detailed orientations of adjacent INF2-FFC homodimer rings assembled around F-actin. Notably, there is 5--10° occasional bending of adjacent units, indicating flexibility or strain across the bound complex. (b) 3D side view (500×, 500 nm) showing the stacklike arrangement of INF2-FFC over F-actin. (c) Tubular structure spacing shown schematically.](la-2014-01748x_0005){#fig4}

Structure of F-Actin--INF2-FH1-FH2-C (INF2-FFC) Complexes {#sec3.3}
---------------------------------------------------------

Recently, helical reconstruction of filaments from EM images^[@ref40]^ has revealed details of the INF2-FFC-bound F-actin architecture at 20 Å resolution, providing the "average" structure for the entire F-actin filament population or subpopulations.^[@ref55]^ The previous successes of tapping mode AFM imaging in unraveling the structure and mechanics of F-actin--ABP (actin binding protein) complexes^[@ref32],[@ref56]^ prompted us to apply this technique to seek the single-filament level structure of INF2-FFC and F-actin assembly at the nanoscale level. Figure [4](#fig4){ref-type="fig"} shows a typical AFM tapping mode image of a 1:1 ratio of INF2-FFC and F-actin complexes revealing a ringlike arrangement of formin FH2 homodimers encircled around actin filaments (Figure [4](#fig4){ref-type="fig"}a,b). INF2-FFC-bound actin filaments show a mean width of ∼30 nm and a height of ∼2.8 nm. Considering that bare F-actin filaments in AFM images are 1.8 nm tall and ∼18.4 nm wide, there is an estimated 1 nm increase in the height and an ∼10 nm increase in the width of the filaments upon binding with INF2-FFC.

Further structural details illustrated in the close-up of INF2-FFC--F-actin complexes (Figure [4](#fig4){ref-type="fig"}c) show INF2-FFC dimers to be 5.8--7 nm tall rings (see Figure [4](#fig4){ref-type="fig"}a, white arrows), with approximately four or five dimeric rings bound per helical F-actin twist. The INF2-FFC rings bind along the actin filament length (as marked in Figure [4](#fig4){ref-type="fig"}c). Frequently, 5--10° deviations in binding orientations of adjacent homodimers were also observed, suggesting a level of flexibility of the dimers, or strain developed along F-actin upon INF2-FFC binding. Because EM images provide averaged structures of the F-actin--INF2 complexes, such details on the individual filament level and deviations in binding orientations could not be observed previously.^[@ref40]^ A similar assembly of INF-FF was also observed in complex with F-actin. Figure [5](#fig5){ref-type="fig"} represents a typical AFM image obtained for INF2-FF and F-actin complexes, revealing ringlike binding around actin filaments. The unique INF2-FFC and F-actin assembly reported here represents, to the best of our knowledge, the first three-dimensional AFM nanoscale structure obtained for any formin--F-actin complexes.

![Structure of INF2-FF and F-actin complexes. AFM image of a 1:1 ratio of INF2-FF and F-actin complexes revealing ringlike binding around actin filaments similar to that of INF2-FFC and F-actin complexes.](la-2014-01748x_0006){#fig5}

In summary, we have presented structural evidence confirming the ability of INF2-FFC to reorganize and assemble into oligomeric forms at higher protein concentrations, unrelated to its C-terminal region. Within the cellular context, higher-order INF2--F-actin structures may allow diverse functional roles under specific cellular conditions. Transitions between different oligomeric states may also be important in cooperative binding properties. On the basis of the AFM structures obtained for F-actin--INF2-FFC complexes, it is likely that formin undergoes dissociation and reassociation of the FH2 domains to allow its encircling of actin filaments (Figure [6](#fig6){ref-type="fig"}). In addition, oligomerization may allow formins to generate higher-order structures that may provide greater stability, while the reduced surface area of the dimer in a complex can offer protection against severing by other actin binding proteins.

![Schematic representation of plausible orientations of INF2-FFC homodimers over F-actin. (a) Adjacent INF2-FFC dimeric rings interact in an end-to-end manner to form a spiral coil structure. (b) Neighboring homodimers make longitudinal contact with adjacent F-actin-bound dimers to form continuous structure without any gaps or with small angle gaps and/or openings. (c) Combinations of regions as in panels a and b, along the length of F-actin. Alternatively, dimers may reassociate to form individual dimer rings stacked along the length of the filament with or without gap openings.](la-2014-01748x_0007){#fig6}

Conclusions {#sec4}
===========

The self-assembly of a formin FH2 domain into oligomeric structures has been clearly resolved using AFM imaging of INF2-FFC and F-actin complexes. In the presence of actin filaments, INF2 organizes along the filament helix and creates discontinuities that might favor severing. Our data reveal significant structural insights into the possible dissociation and reassociation of INF2-FFC to yield circular binding over F-actin. From the nanotechnology perspective, engineering the self-assembly of nanostructures such as formin complexes (hollow formin nanotubes or formin nanotubes over actin core) is likely to provide new opportunities for novel molecular designs and programmed assembly for a variety of bionanotechnology applications.

AFM imaging data. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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